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ABSTRACT 
The Bureau of  Mines found s u l f u r  h e x a f l u o r i d e  ( S F 6 ) ,  r e l e a s e d  from a 
l e c t u r e  b o t t l e ,  t o  be an i d e a l  gaseous t r a c e r  f o r  s t udy ing  mine v e n t i l a t i o n  
systems.  A i r  samples were c o l l e c t e d  i n  g l a s s  s y r i n g e s  and ana lyzed  by 
e l e c t r o n - c a p t u r e  gas  chromatography. I n  t h e s e  s t u d i e s ,  t h e  lower l i m i t  o f  
d e t e c t i o n  was about 1 p a r t  p e r  b i l l i o n  by volume (ppb) of SFs p e r  p a r t  of a i r .  
Experiments conducted i n  a  Pennsylvania  l imes tone  mine showed t h i s  t e ch -  
n ique  u s e f u l  i n  e v a l u a t i n g  t h e  e f f e c t i v e n e s s  of  a u x i l i a r y  f a n s ,  measuring low 
flow v e l o c i t i e s ,  probing t h e  a i r  c i r c u l a t i n g  n e a r  a  working f a c e  r e g i o n  where 
v e n t i l a t i o n  appeared t o  be poor ,  and e s t ima t i ng  vo lumet r ic  f low r a t e s  i n  
a i rways o f  l a r g e  c r o s s - s e c t i o n a l  a r e a  and having low flow v e l o c i t i e s .  This  
t e chn ique  was a l s o  used  i n  a  wes t e rn  ve in - t ype  meta l  mine t o  measure t h e  
amount o f  r e t u r n  a i r  being r e c i r c u l a t e d  i n t o  t h e  i n t a k e  a i r  due t o  l eakage  
through o l d  s toped  a r e a s .  
INTRODUCTION 
V e n t i l a t i o n  a i r f l o w s  i n  noncoal mines a r e  g e n e r a l l y  v e r y  complex and 
o f t e n  cannot  be  s t u d i e d  w i t h  t h e  convent iona l  anemometers. M u l t i l e v e l  
workings ,  l a r g e  a i rways ,  low a i r  v e l o c i t i e s ,  and leakage  through caved a r e a s  
a l l  make i t  d i f f i c u l t  t o  t r a c e  a i r f l o w .  New procedures  a r e  needed t o  a s s e s s  
v e n t i l a t i o n  i n  noncoal mines and t o  a t t a c k  such s p e c i f i c  problems a s  t h e  mea- 
surement o f  a i r  exchange r a t e s  i n  a r e a s  o f  low a i r f l o w ,  average  v e l o c i t i e s  i n  
l a r g e  low-ve loc i ty  a i rways,  r e c i r c u l a t i o n ,  t r a n s i t  a i r  t i m e ,  and leakage  
a c r o s s  s t opp ings  o r  a i r  c u r t a i n s .  Recent r e s e a r c h  and development by t h e  
Bureau o f  Mines i n d i c a t e s  t h a t  t r a c e r  gas t echn iques  may prove  u s e f u l  i n  
s o l v i n g  v e n t i l a t i o n  problems. 
Numerous o rgan i c  and i no rgan i c  m a t e r i a l s ,  i n c l u d i n g  r a d i o a c t i v e  sub-  
s t a n c e s ,  have been used  a s  t r a c e r s .  Most have c e r t a i n  i n h e r e n t  drawbacks. 
Chemical t r a c e r s  a r e  no t  a s  e a s i l y  d e t e c t e d  a t  low concen t r a t i ons  a s  a r e  r a d i o -  
a c t i v e  subs tances  and a r e  o f t e n  h igh ly  adsorbed on many s u r f a c e s .  Radioac t ive  
1 Research p h y s i c i s t .  
2 Phys i ca l  r e s ea r ch  s c i e n t i s t .  
s u b s t a n c e s  can be d e t e c t e d  i n  low c o n c e n t r a t i o n s ,  bu t  a r e  d i f f i c u l t  t o  h a n d l e  
and a r e  l i k e l y  t o  be unaccep tab le  t o  t h e  man working underground. An e f f e c -  
t i v e t r a c e r  gas  must be d e t e c t a b l e  a t  low c o n c e n t r a t i o n s ,  s a f e ,  o d o r l e s s ,  
chemica l ly  and t h e r m a l l y  s t a b l e ,  and n o t  occur  normal ly  i n  t h e  environment.  
S u l f u r  h e x a f l u o r i d e  meets  a l l  t h e s e  e s s e n t i a l  r equ i rements .  L e s t e r  and 
Greenberg (813 showed SF6 t o  be comple te ly  s a f e  by keeping r a t s  i n  an  80 p e r -  
c e n t  SF6 atmosphere f o r  24 hours  w i t h  no ill e f f e c t s .  S u l f u r  h e x a f l u o r i d e  i s  
o d o r l e s s ,  chemica l ly  and t h e r m a l l y  s t a b l e ,  and i s  convenient  t o  h a n d l e  and 
d i s p e n s e  i n  a i r  ( 1 3 ) .  - Hunt and Moore ( 7 )  showed t h a t  no measurable  a d s o r p t i o n  
of  SF, o c c u r s  on r e s e r v o i r  s a n d s t o n e ,  aGd Whisman (14) - found t h e  same f o r  c o a l .  
SF6 does n o t  occur  n a t u r a l l y  i n  t h e  environment and t h e r e f o r e  background con- 
c e n t r a t i o n  i s  no problem. F i n a l l y ,  SFG car! be detected i: ve ry  ?ow conceiitra- 
t i o n s  by g a s - s o l i d  chromatography, u s i n g  e l e c t r o n - c a p t u r e  d e t e c t i o n  ( 1 ) .  
Saltzman (11) and Niemeyer and McCormick (2) showed SF, can be traced-down t o  
a  c o n c e n t r a t i o n  o f  ppm. 
S e v e r a l  r e s e a r c h e r s  (2-3, 13) used SF6 i n  m e t e o r o l o g i c a l  s t u d i e s  o f  
moving a i r  masses and t h e  d i s p e r s i o n  of  a i r b o r n e  p o l l u t a n t s .  Drivas  (3) used 
SF6 a s  a t r a c e r  gas  t o  s t u d y  v e n t i l a t i o n  systems i n  b u i l d i n g s .  They conducted 
t e s t s  t o  measure t h e  e f f e c t i v e n e s s  o f  t h e  v e n t i l a t i o n  of i n d i v i d u a l  rooms and 
t h e  b u i l d i n g  con tamina t ion  r e s u l t i n g  from t h e  r e e n t r y  of  fume hood e x h a u s t s .  
SF6 h a s  a l s o  been u s e d  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  p lugg ing  o i l  w e l l s  t o  
p r e v e n t  w e l l g a s  from e n t e r i n g  c o a l  mines (10). 
ANALYTICAL PROCEDURE AND TESTING TECHNIQUES 
Methods o f  r e l e a s i n g  SF6 gas  i n t o  t h e  mine a i r  were t r i e d  i n  t h e  Bureau 
o f  Mines S a f e t y  Research Coal Min.e a t  Bruceton,  Pa. I n  t h e s e  exper iments  SF6 
was r e l e a s e d  i n  t h e  m i n e ' s  o n l y  i n t a k e  and t h e  a i r  i n  t h e  lone  r e t u r n  was 
sampled a t  a  d i s t a n c e  o f  about  3,100 f e e t  from t h e  p o i n t  of  r e l e a s e .  
I n  t h e  f i r s t  method t r i e d ,  SFG was r e l e a s e d  from a  g l a s s  c o n t a i n e r  by 
w a t e r  d i sp lacement .  A g l a s s  c o n t a i n e r  o f  known volume was f i l l e d  w i t h  p u r e  
SFG i n  t h e  l a b o r a t o r y  and t i g h t l y  capped. I n  t h e  mine,  t h e  cap was removed 
and t h e  SFG was d i s p l a c e d  from t h e  c o n t a i n e r  by f i l l i n g  i t  w i t h  w a t e r .  A i r  
samples t aken  s i m u l t a n e o u s l y  a t  d i f f e r e n t  p o s i t i o n s  i n  a  c r o s s  s e c t i o n  o f  t h e  
r e t u r n  showed t h a t  t h e  gas  d i d  n o t  mix un i fo rmly  w i t h  t h e  mine a i r  even a f t e r  
t r a v e l i n g  3,100 f e e t .  There was c o n s i d e r a b l e  v a r i a t i o n  between samples t aken  
i n  t h e  middle  o f  t h e  a i rways  and about  12  inches  from t h e  r o o f ,  w a l l s ,  o r  
f l o o r .  A second i n d i c a t i o n  o f  poor mixing was t h e  v e r y  i r r e g u l a r  m u l t i p l e -  
peak curves  o b t a i n e d  when SF, c o n c e n t r a t i o n s  a t  t h e  sampling p o i n t  were 
p l o t t e d  a s  a  f u n c t i o n  of  t ime a f t e r  r e l e a s e .  Both o f  t h e s e  phenomena can be 
s e e n  i n  f i g u r e  1. This  can be compared w i t h  t h e  curve  shown i n  f i g u r e  2 ,  
where good mixing o c c u r r e d .  Th is  second i n d i c a t i o n  of  poor  mixing,  m u l t i p l e -  
peak c u r v e s ,  h o l d s  t r u e  o n l y  i f  a  s i n g l e  a i r f l o w  p a t h  e x i s t s .  Where m u l t i p l e  
a i r f l o w  p a t h s  e x i s t  a  s e r i e s  o f  peaks cou ld  r e s u l t ,  bu t  would n o t  n e c e s s a r i l y  
be a n  i n d i c a t i o n  o f  poor mixing.  
s u n d e r l i n e d  numbers i n  p a r e n t h e s e s  r e f e r  t o  i tems i n  t h e  l i s t  of r e f e r e n c e s  
p r e c e d i n g  t h e  appendix.  
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TlME FROM RELEASE OF SF6, min 
FIGURE 1. - SF6 concentrat ion as a funct ion of t ime for a case o f  poor mixing. 
TlME FROM RELEASE OF SF6, min 
FIGURE 2. - SF6 concentrat ion as  a funct ion of t ime for a case of good mixing. 
As a r e s u l t  of poor mixing, t h e  
samples taken i n  t h e  c e n t e r  of t h e  
airway were n o t  r e a l l y  r e p r e s e n t a t i v e  of 
t he  average SF6 concent ra t ion  i n  t h e  
r e t u r n .  In  f i g u r e  1, t h e  amount of SFG 
re l eased  was 6 l i t e r s ,  whereas numerical 
i n t e g r a t i o n  of  t h e  curve d a t a  gave 
8.5 l i t e r s .  This  i s  an e r r o r  of  about 
40 percent .  With good mixing, a s  i n  t h e  
t e s t  represented  i n  f i g u r e  2 ,  t he  e r r o r  
was seldom more than 5 percent .  
Several  o t h e r  r e l e a s e  niethods were 
t r i e d ,  but t h e  problem of  i n s u f f i c i e n t  
mixing was always p re sen t .  The method 
t h a t  f i n a l l y  proved succes s fu l  was t o  
r e l e a s e  t h e  SF6 d i r e c t l y  from a SF6 
l e c t u r e  b o t t l e  through a 0.006-inch ho le  
i n  t h e  l e c t u r e  b o t t l e  cap ( s e e  f i g .  3 ) .  
The small  h o l e  r e s u l t e d  i n  a f i n e  j e t  
spray  of t h e  SF, t h a t  mixed we l l  wi th  
t h e  mine a i r .  Mixing was f u r t h e r  a ided  
by moving t h e  l e c t u r e  b o t t l e  r a p i d l y  
around t h e  airway during r e l e a s e .  This 
no t  on ly  provided good mixing, bu t  
requi red  a minimum of equipment f o r  u se  
underground. The amount of SF6 r e l eased  
was c a l c u l a t e d  from t h e  weight l o s s  of 
t h e  l e c t u r e  b o t t l e .  
The gas samples were taken i n  t h e  
I mine wi th  10-ml g l a s s  sy r inge  b o t t l e s ,  
t i g h t l y  capped w i t h  rubber s toppers .  
Since s e v e r a l  days o f t e n  e lapsed  before  
t h e  samples were analyzed and s i n c e  
samples were occas iona l ly  t r anspor t ed  by 
FIGURE 3. - SF6 lecture bottle with 0.006- plane ,  where they  would be sub jec t ed  t o  
inch hole dri l led in cap. s u b s t a n t i a l  changes i n  o u t s i d e  baromet- 
r i c  p re s su re ,  i t  was important f o r  t he  
sy r inge  b o t t l e s  t o  be a i r t i g h t .  
B o t t l e s  t h a t  appeared t o  g ive  low readings wi th  r e spec t  t o  o t h e r  samples 
were checked f o r  l eaks  i n  t he  l abo ra to ry .  For t h i s  purpose t h e  b o t t l e  was 
f i l l e d  w i t h  a known concent ra t ion  of  SFB, which was rechecked a f t e r  t h e  b o t t l e  
had been s e a l e d  f o r  s e v e r a l  days. 
F. H. Sha i r  (12) found t h a t  t h e  s u r f a c e  charge on g l a s s  can y i e l d  low 
readings  f o r  very Low SF6 concent ra t ions .  Apparently our SFe concent ra t ions  
were h igh  enough t o  avoid t h i s  problem, but cons idera t ion  i s  being given t o  
t h e  u s e  of  p l a s t i c  sy r inges ,  which appear t o  have no s u r f a c e  charge and a r e  
nonbreakable.  
A t  t h e  s u l f u r  hexa f luo r ide  concen t r a t i ons  employed ( 1  ppb t o  1 ppm) some 
adso rp t ion  o f  t h e  SFG on g l a s s  does occur .  For t h i s  reason  i t  was necessary  
t o  c l e a n  t h e  g l a s s  sample sy r inges  a f t e r  each use  by washing them i n  water  o r  
by f l u s h i n g  them wi th  h igh -ve loc i ty  a i r .  Pe r iod i c  s p o t  checks of t h e s e  
c leaned  sy r inges  were made t o  i n s u r e  t h a t  they  contained no t r a c e s  of  SFG. 
The SFG concen t r a t i on  i n  t h e  sy r inge  b o t t l e s  was determined wi th  a p o r t -  
a b l e  e l ec t ron -cap tu re  gas  chromatograph. The chromatograph column was an 
8 .5 - foo t  by 1 /8- inch  s t a i n l e s s  s t e e l  tube  packed w i t h  Chromasorb 102 
(60-80 mesh) ,4 which was t r e a t e d  a t  100" C f o r  a t  l e a s t  2 hours .  The 
o p e r a t i n g  temperature  of  t h e  chromatogra h was 50" C .  C a r r i e r  gas  was argon D w i th  5 percent  methane, flowing a t  10 cm p e r  17 seconds. Samples c o l l e c t e d  
i n  the  TO-ml g l a s s  sy r inges  were t r a n s f e r r e d  t o  0.5-ml s y r i n g e s ,  from which 
they  were i n j e c t e d  i n t o  t h e  chromatograph i n  amounts of  0 .1  m l .  The peak 
h e i g h t s  from t h e  chromatograph ana lyses  were read  by a d i g i t a i  v o l t n e t e r  and 
p r i n t e d  ou t  a t  20 v o l t a g e  read ings  p e r  second. The peak he igh t  f o r  a given 
SFs sample corresponded t o  t h e  h ighes t  vo l t age  recorded f o r  t h e  second peak, 
t h e  f i r s t  peak being t h e  a i r  peak. 
Samples were prepared  i n  concent ra t ions  ranging from 1 pprn SFG down t o  
1 ppb SF6. For chromatograph c a l i b r a t i o n  purposes ,  two methods of  p r e p a r a t i o n  
were used. The f i r s t  method made use  of an experimental  d i l u t i o n  system 
( f i g .  4 )  based on systems descr ibed  by Saltzman (11) and Drivas (4 ) .  - 
To o b t a i n  a 1 pprn concen t r a t i on  of  SFs, 0.85 cm3 of  pure S& was i n j e c t e d  
w i t h  a sy r inge  i n t o  t h e  l a r g e  v e s s e l ,  which conta ined  a i r  a t  atmospheric p re s -  
s u r e .  This  v e s s e l  was then  p r e s s u r i z e d  wi th  a i r  t o  10 atmospheres. S ince  t h e  
l a r g e  v e s s e l  had a volume of 85,000 cm3, t h e  r e s u l t i n g  SFs concen t r a t i on  was 
1 ppm. This  v e s s e l  was used both i n  t h e  exponent ia l  d i l u t i o n  system and i n  
performing t h e  d a i l y  c a l i b r a t i o n  checks on t h e  chromatograph. During months 
of  u se ,  t he  chromatographic response t o  t h i s  concen t r a t i on  was unchanged. 
The ope ra t i on  of  t h e  exponent ia l  d i l u t i o n  system began wi th  t h e  evacua- 
t i o n  of t h e  e n t i r e  system. The mixing chamber was f i l l e d  w i th  t h e  prepared 
5 1 pprn SFEj concen t r a t i on  a t  atmospheric p re s su re .  A i r  was then passed through 
t h e  mixing chamber a t  a r a t e  t h a t  caused one complete a i r  change i n  t he  
chamber every 20 minutes .  A small  e l e c t r i c  fan  i n  t h e  chamber insured  
thorough mixing. When complete mixing occurs ,  t h e  SFB concen t r a t i on  fol lows 
t h e  d i l u t i o n  curve given by C = S e - N ,  where N i s  t h e  number of complete a i r  
exchanges i n  t h e  mixing chamber, C i s  the  SFG concen t r a t i on  a f t e r  N a i r  
exchanges, and C, i s  t h e  i n i t i a l  SF6 concen t r a t i on  ( 1  pprn). To o b t a i n  a gas 
sample a t  any po in t  i n  t h e  d i l u t i o n  process ,  a sy r inge  needle  was i n s e r t e d  
through a rubber  septum on t h e  exhaust  s i d e  of  t h e  chamber. This  exponent ia l  
d i l u t i o n  process  was r e run  s e v e r a l  t imes w i th  b e t t e r  than 95-percent r e p e a t -  
a b i l i t y .  Chromatograph c a l i b r a t i o n  curves were developed from t h e s e  r e s u l t s .  
4Reference t o  t r a d e  names i s  made f o r  i d e n t i f i c a t i o n  only and does not  imply 
endorsement by t h e  Bureau of Mines. 
6 ~ t  was found t h a t  i f  pure  SF6 was introduced i n t o  t h e  mixing chamber, t h e  
d i l u t i o n  system became contaminated by SFG adsorp t ion .  For t h i s  reason t h e  
d i l u t i o n  process  was s t a r t e d  w i th  a concen t r a t i on  of 1 ppm. 
Vacuum 
Q=T 7To power source 
Mixing chamber 






Large pressure vessel 
FIGURE 4. - Schematic of exponential dilution system. 
The second method o f  o b t a i n i n g  c a l i b r a t i o n  samples was t o  p r epa re  them i n  
rooms o f  known volume. This  method was o r i g i n a l l y  in tended  a s  a  check on t h e  
r e s u l t s  from t h e  exponen t i a l  d i l u t i o n  system, bu t  proved t o  be j u s t  a s  
a c c u r a t e  and much s imp le r  than  t h e  d i l u t i o n  method. For example, t o  p r epa re  a  
sample of  concen t r a t i on  100 ppb we r e l e a s e d  9 . 3  cm3 o f  pure  SF, i n t o  a  room 
3 having an approximate volume of  9 . 3  x 10' cm . The room a i r  was thoroughly 
mixed by s e v e r a l  f an s  p l aced  around t h e  room. Gas samples were withdrawn from 
t h e  room w i t h  s y r i n g e s .  The on ly  problem wi th  t h i s  method i s  t h a t  t h e  samples 
had t o  be taken i n  t h e  room s h o r t l y  a f t e r  r e l e a s e ,  be fo r e  l eakage  a f f e c t e d  t h e  
SF6 concen t r a t i on  o f  t h e  room atmosphere.  F igure  5  shows a  t y p i c a l  curve  of  
SF, concen t r a t i on  i n  a  room ve r sus  t ime f o r  t h e  f i r s t  15 minutes  a f t e r  t h e  SF, 
was r e l e a s e d .  The r a t e  o f  decrease  o f  SFG concen t r a t i on  v a r i e d  from room t o  
room depending upon how w e l l  t h e  room was s e a l e d .  Samples were u s u a l l y  t aken  
between 1 and 2 minutes  a f t e r  r e l e a s e  o f  t h e  SF6. The d i f f e r e n c e  between t h e  
chromatograph r e s u l t s  from prepared  room samples and exponen t i a l  d i l u t i o n  
samples was l e s s  than  3  pe rcen t  a t  t h e  same concen t r a t i on  l e v e l .  
F igure  6 g ive s  t h e  chromatograph c a l i b r a t i o n  curves  f o r  t h e  ranges  10  ppb 
t o  100 ppb and 100 ppb t o  1 ppm, r e s p e c t i v e l y .  The peak h e i g h t  response  i s  a  
FIGURE 5. - SF6 concentration in  a room as a function of time. 
FIGURE 6. - Chromatograph cal ibrat ion curves. 
straight-line response from 10 ppb up to 100 ppb, but becomes nonlinear above 
this. Concentrations up to 100 ppb were run at attenuation 1024. It is 
interesting to note in figure 6 that at the change of scale concentration 
(lo"), the attenuation apparently increases by a factor of 4 while the peak 
height  drops only by a  f a c t o r  of about 3  (from 330 mV to  120 mV). The reason 
f o r  t h i s  inconsistency i s  unce r t a in ,  but s ince  the  c a l i b r a t i o n  po in t s  were 
confirmed by numerous c a l i b r a t i o n  samples, i t  appears t h a t  the  cause i s  an 
inherent  c h a r a c t e r i s t i c  of t h e  chromatograph a t t enua to r .  
PRELIMINARY SF6 TRACER GAS TESTS I N  A COAL M I N E  
Prel iminary experiments were conducted i n  the  Bureau of  Mines Safe ty  
Research Coal Mine a t  Bruceton, Pa. ( f i g .  7 ) ,  t o  determine how q u a n t i t a t i v e l y  
SF6 gas can be t raced  i n  a  mine. The mine has a  s i n g l e  in t ake  and a  s i n g l e  
exhaust,  which of fered  an i d e a l  s i t u a t i o n  f o r  t e s t i n g  the  use of SF6 a s  a  
t r a c e r  gas i n  v e n t i l a t i o n  s t u d i e s .  Before each t r i a l ,  t he  a i r f low i n  the  mine 
was measured w i t h  an anernometer t r ave r se .  The average f l ~ w  i s  abou t  
16,500 cfm. 
The t e s t i n g  procedure began with the  r e l e a s e  of SF6 i n t o  t h e  in t ake  a i r  
a t  the  poin t  labeled R i n  f igu re  6.  I n  most experiments, SF, was con t inua l ly  
r e l eased  over a  predetermined period of 2 t o  5 minutes. This made i t  poss ib le  
t o  r e l e a s e  a  f a i r l y  l a r g e  volume of  SF6 without producing a  concentrat ion i n  
the  mine a i r  higher  than t h a t  f o r  which t h e  chromatograph was c a l i b r a t e d  
(1  ppm), and a l s o  t o  improve mixing of  the - SFs with the mine a i r .  Return a i r  
FIGURE 7. - Bureau of Mines Safety Research Coal Mine. 
samples were t aken  every  2 minutes  a t  p o s i t i o n  ( f i g .  7 )  l o c a t e d  about  
3 ,100 f e e t  from R. Since  t h e  maximum a i r  v e l o c i t y  measured i n  t h e  mine was 
305 f e e t  p e r  minu te ,  t h i s  meant t h a t  t h e  SF6 cou ld  n o t  p o s s i b l y  reach  t h e  
sampling l o c a t i o n  u n t i l  a t  l e a s t  10 minutes  a f t e r  r e l e a s e ,  a s  shown i n  t a b l e  1. 
Sampling g e n e r a l l y  began 8 minutes  a f t e r  t h e  r e l e a s e .  An a i r  sample was t aken  
i n  t h e  c e n t e r  o f  t h e  r e t u r n  a i rway  every  2 minu tes ,  and p e r i o d i c a l l y  a s imul -  
t aneous  sample was t aken  n e a r  t h e  r o o f ,  w a l l s ,  o r  f l o o r  t o  check un i fo rmi ty  o f  
mixing,  Genera l ly ,  t h e  measurable  q u a n t i t i e s  o f  SF6 were exhausted p a s t  t h e  
sampling p o i n t  w i t h i n  90 minutes  a f t e r  SF6 r e l e a s e  ended. 
Once an  SF6 r e l e a s e  t echn ique  was found t h a t  r e s u l t e d  i n  good mixing o f  
t h e  SF6 w i t h  t h e  mine a i r ,  i t  was p o s s i b l e  t o  r e l e a s e  a known q u a n t i t y  o f  SF6 
i n t o  t h e  i n t a k e  a i r  and, by numer i ca l l y  i n t e g r a t i n g  t h e  chromatograph r e s u l t s  
from t h e  samples t aken  i n  t h e  return a i r ,  account  f o r  approximately  t h i s  same 
q u a n t i t y  o f  SF6 i n  t h e  r e t u r n  a i r  ( t a b l e  1 ) .  Th is  can  be done u s ing  t h e  equa- 
t i o n  o f  Dr ivas ,  Simmonds, and S h a i r  (4) :  - 
Here,  q F 6  i s  t h e  SF, volume, & ,, i f  t h e  vo lumet r ic  a i r f l o w  r a t e  a t  t h e  
sampling p o i n t ,  and c i s  t h e  SF6 c o n c e n t r a t i o n  a t  t ime t .  I n t e g r a t i o n  of  t h i s  
equa t i on  i s  s imply done by m u l t i p l y i n g  C,,, t h e  average  SF6 c o n c e n t r a t i o n  i n  
t h o s e  sample b o t t l e s  t h a t  c o n t a i n  SF6, by t h e  t o t a l  t ime T du r ing  which mea- 
s u r a b l e  amounts o f  SF6 were found i n  t h e  r e t u r n  a i r .  This  t o t a l  t ime T i s  t h e  
sampling i n t e r v a l  (2 minutes  i n  t h i s  case )  m u l t i p l i e d  by t h e  number o f  samples 
w i t h  a measurable  SF6 concen t r a t i on .  The r e s u l t s  o f  exper iments  i n  which SF6 
was r e l e a s e d  from a l e c t u r e  b o t t l e  w i t h  a 0.006-inch h o l e  i n  t h e  cap a r e  
p r e s e n t e d  i n  t a b l e  1. An example o f  complete a n a l y s i s  o f  one o f  t h e s e  t e s t s  
(No. 19) i s  p r e sen t ed  i n  t h e  appendix.  
TABLE 1. - Pre l im ina ry  t r a c e r  gas  t e s t  r e s u l t s  from 
S a f e t v  Research Coal Mine 
These t e s t s  showed t h a t  i f  t h e  SF6 i s  thoroughly mixed i n  t h e  mine a i r ,  
i t  can be q u a n t i t a t i v e l y  t r a c e d  through t h e  mine,  thus  conf i rming i t s  po ten-  
t i a l  v a l u e  f o r  s t u d y i n g  underground v e n t i l a t i o n  systems.  




SF6 TRAVEL TIMES 
A problem encountered i n  t h i s  work was t o  determine when t o  beg in  and end 
sampling.  The t ime r e q u i r e d  f o r  t h e  SF6 t o  i n i t i a l l y  a r r i v e  a t  t h e  sampling 
Time from 
r e l e a s e  t o  
a r r i v a l  a t  






r e l e a s e d ,  
l i t e r s  
1 0 . 5  
1 6 . 1  
1 . 9  
S FG 
moni tored,  
l i t e r s  
10 .7  
15 .9  
1 . 8  
E r r o r ,  




l o c a t i o n  and t h e  t ime l a p s e  be fo re  a l l  t h e  SF6 passes  t h i s  l o c a t i o n  depend on 
t h e  l eng th  o f  t r a v e l ,  t h e  a i r  v e l o c i t y ,  t h e  passage of  t h e  a i r  through s topes  
and cool ing  p l a n t s ,  and r e c i r c u l a t i o n  o f  t h e  a i r .  
Some idea  of  how d i f f i c u l t  i t  i s  t o  e s t i m a t e  t h e s e  t r a v e l  t i m e s  can be 
ob t a ined  from t h e  r e s u l t s  of s e v e r a l  t r a c e r  gas experiments p re sen t ed  i n  
t a b l e  2, which shows t h e  expected a r r i v a l  t imes based on v e l o c i t y  and d i s t a n c e  
c a l c u l a t i o n s  and t h e  a c t u a l  a r r i v a l  t imes f o r  va r ious  t r a v e l  d i s t a n c e s  and 
cond i t i ons .  It a l s o  g ives  t h e  t ime r equ i r ed  f o r  SF6 t o  completely pass  t h e  
sampling l o c a t i o n s  i n  each experiment. 
TABLE 2. - Comparison of  es t imated  and a c t u a l  SF6 t r a v e l  t imes 
Dis tance  
t r a v e l e d ,  
f e e t  
The r a t i o  o f  a c t u a l  t r a v e l  t ime t o  expected t r a v e l  t ime ( T I T ' )  v a r i e s  
from 0.62 t o  3.57; showing t h a t  t h e  e s t ima ted  t r a v e l  t imes a r e  n o t  very  
a c c u r a t e ,  e s p e c i a l l y  when s topes  a r e  being v e n t i l a t e d .  The r e s u l t s  of t a b l e  2  
sugges t  t h a t  i t  would be adv i sab l e  t o  begin t ak ing  samples a f t e r  about one- 
h a l f  of  t h e  es t imated  t r a v e l  time has  e lapsed .  It  i s  even more d i f f i c u l t  t o  
dec ide  how long t o  cont inue  sampling. The only  conclusion t h a t  can be drawn 
from t h e  d a t a  i s  t h a t  i t  t akes  much longer  f o r  SF6 t o  completely pass  t h e  







USE OF SF6 I N  AN OPERATING LIMESTONE MINE 
Condit ions 
Severa l  t r a c e r  gas v e n t i l a t i o n  t e s t s  us ing  SF6 were conducted i n  a  s i n g l e -  
l e v e l  underground l imestone mine i n  Pennsylvania.  The genera l  v e n t i l a t i o n  
system of  t h e  mine i s  s imple.  Most o f  t h e  a i r  (about 140,000 cfm) e n t e r s  t h e  
ISF, s t i l l  pas s ing  a f t e r  90 minutes .  
Straightaways and 
s topes  . . . . . . . . . . . . .  
..... do . . . . . . . . . . . . .  
..... do ............. 
..... do ............. 
Mostly s t ra igh taways  
A l l  s t ra igh taways  . . .  
mine through an i n t a k e  f an  i n  a  d r i f t  e n t r y ,  The remainder e n t e r s  t h e  mine 
through a  v e r t i c a l  n a t u r a l  d r a f t  h o l e  from t h e  su r f ace .  A l l  t h e  mine a i r  is  
exhausted through a  s i n g l e  v e r t i c a l  exhaust h o l e .  Severa l  a u x i l i a r y  fans  a r e  
employed i n  t h e  mine t o  a i d  a i r  movement. 
Actual 
t r a v e l  t ime 
(T) ,  minutes 
The l a r g e  number o f  i n t a k e  and exhaust  airways and t h e  l a r g e  c r o s s  
s e c t i o n s  o f  t h e s e  airways (600 t o  700 f t 2  average) made convent ional  anernome- 
ter methods o f  s tudying  v e n t i l a t i o n  imprac t i ca l  i n  most a r e a s  o f  t h e  mine. 
The a i r  v e l o c i t i e s  were gene ra l l y  w e l l  below 100 f t / m i n ;  l o c a l l y ,  a i r  v e l o c i -  
t i e s  were so  low t h a t  even smoke clouds d i s s i p a t e d  before  t r a v e l i n g  f a r  enough 
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S i x  d i f f e r e n t  types of 
v e n t i l a t i o n  experiments were 
conducted i n  t h i s  mine us ing  
t h e  SFG t r a c e r  gas .  They 
demonstrate  t h e  v e r s a t i l i t y  
o f  t h e  t r a c e r  gas a s  a  t o o l  
f o r  examining underground 
v e n t i l a t i o n  systems. 
Aux i l i a ry  Fan Tes t s  
I n  an at tempt  t o  speed 
up t h e  a i r  exchange r a t e  a t  
t he  working f ace ,  two a u x i l -  
i a r y  f ans  were p laced  i n  t h e  
r e t u r n  airway l ead ing  from 
t h e  working f a c e  ( f i g .  8 ) .  
Fan No. 1 was mounted on a  
small  p la t form i n  t h e  c e n t e r  
of t h e  airway. Fan No. 2  
was hung about a  foo t  from 
FIGURE 8. - Map showing area of aux i l ia ry  fan tests.  the and feet the 
r i b .  No tubing was used on 
e i t h e r  of t h e  f a n s .  Two SF6 
t r a c e r  gas  t e s t s  were run  t o  determine i f  t h e  a u x i l i a r y  fans  were he lp ing  t c  
move t h e  a i r  a long f a s t e r  o r  i f  they  were j u s t  r e c i r c u l a t i n g  t h e  a i r .  The a i r  
v e l o c i t y  i n  t h i s  a r e a ,  a t  l e a s t  with t h e  fans  on, was h igh  enough t h a t  we 
could check the  t r a c e r  gas r e s u l t s  a g a i n s t  vane anemometer and smoke cloud 
r e s u l t s .  The volume of a i r  exhausted from t h e  f ace  was a l s o  measured. 
With both fans  i n  ope ra t i on ,  3 .64  l i t e r s  of SF6 were r e l e a s e d  j u s t  behind 
f an  No. 1 over  t h e  t ime i n t e r v a l  from 5:12 t o  5:13 p.m. Gas samples were 
taken every  minute from 5 :12  t o  5:50 p.m. a t  t h e  sampling l o c a t i o n  shown i n  
f i g u r e  8.  
The f i r s t  d e t e c t a b l e  t r a c e  of  SF6 appeared i n  t h e  sample taken a t  
5:16 p.m. Measurable q u a n t i t i e s  o f  SF6 were monitored f o r  28 minutes ,  from 
5:18 t o  5:45 p.m. The average concen t r a t i on  of SFG i n  t h e s e  28 samples was 
97.6  ppb. This in format ion  was used i n  t h e  fol lowing equa t ion  of  c o n t i n u i t y :  
QF,  
"" ) (28.2 l i t e r s /  
f t 3  a i r  
f t 3 )  (28 min) ( 8  , R ) .  
From t h i s ,  t h e  volume flow of  a i r ,  QA I R  , being exhausted from t h e  working a r e a  
p a s t  t h e  a u x i l i a r y  f ans  i s  a p p r o x i m a t ~ l y  47,000 cfm when t h e  fans  a r e  
ope ra t i ng .  The c r o s s - s e c t i o n a l  a r e a  a t  t h e  sampling po in t  was about 640 f t 2 ,  
making t h e  average c a l c u l a t e d  v e l o c i t y  a t  t h i s  l o c a t i o n  about 74 f t /min .  
A smoke c loud  t e s t  conducted a t  t h e  sampling l o c a t i o n  gave a  v e l o c i t y  i n  
t h e  c e n t e r  of  t h e  a i rway o f  88 f t / m i n ,  w h i l e  a  vane anemometer a t  t h e  same 
l o c a t i o n  showed a  r e a d i n g  o f  94 f t / m i n .  SF6 was d e t e c t e d  i n  a  sample t a k e n  
4  minutes  a f t e r  r e l e a s e .  Th is  means t h a t  t h e  f i r s t  SF6 a c t u a l l y  a r r i v e d  
somewhere between 3  and 4  minutes  a f t e r  r e l e a s e .  Assuming t h a t  i t  a r r i v e d  
a f t e r  3 .5  minutes  and knowing t h a t  t h e  t o t a l  d i s t a n c e  t r a v e l e d  was about  
340 f e e t ,  t h e  v e l o c i t y  i s  about  97 f t / m i n .  Th is  compares r a t h e r  w e l l  w i t h  t h e  
v e l o c i t i e s  determined by t h e  two o t h e r  methods. A c t u a l l y ,  t h e  maximum 
v e l o c i t y  c a l c u l a t e d  from t h e  SF6 t r a v e l  t ime shou ld  be  s l i g h t l y  h i g h e r ,  
because  t h e  c r o s s - s e c t i o n a l  a r e a  a t  t h e  sampling l o c a t i o n  was,  i n  g e n e r a l ,  a  
l i t t l e  l a r g e r  than  t h e  c r o s s - s e c t i o n a l  a r e a s  a l o n g  t h e  p a t h  o f  SF6 t r a v e l ,  
r e f l e c t i n g  h i g h e r  v e l o c i t i e s  through s m a l l e r  c r o s s  s e c t i o n s .  
Hartman (5)  shows when t h e  Reynolds number exceeds  10,000,  which i s  t h e  
c a s e  h e r e ,  thewaverage v e l o c i t y  should be 0 . 8  o f  t h e  maximum v e l o c i t y .  For a  
maximum v e l o c i t y  o f  97 f t / m i n  t h e  average  v e l o c i t y  would be  about  77 f t / m i n ,  
a s  compared w i t h  t h e  average  v e l o c i t y  of  74 f t / m i n  measured above.  A summary 
o f  t h e  r e s u l t s  i s  g iven  i n  t a b l e  3 .  
TABLE 3.  - V e l o c i t y  r e s u l t s  from a u x i l i a r y  f a n  t e s t s  
Technique I V e l o c i t y ,  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Smoke c loud ( c e n t e r l i n e  v e l o c i t y )  1 88 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Anemometer ( c e n t e r l i n e  v e l o c i t y )  
. . . . . . . . . . . . . . . . . . . . . .  Maximum v e l o c i t y  from t r a c e  gas  t r a v e l  t ime . .  1 97 
f  t /min 
94 
. . . . . . . . . . . . . .  Average v e l o c i t y  from t r a c e  g a s  ( c o n t i n u i t y  e q u a t i o n )  1 74 
. . . . . . . . . . . . . . . . . . . . . .  Average v e l o c i t y  ( 0 . 8  o f  c e n t e r l i n e  v e l o c i t y )  I 77 
The a u x i l i a r y  f a n s  were t u r n e d  o f f  a t  5 :53  p.m. A f t e r  a l lowing  t h e  
a i r f l o w  t o  s t a b i l i z e  f o r  30 minu tes ,  a n o t h e r  3.07 l i t e r s  o f  SF6 were r e l e a s e d  
behind f a n  No. 1. Samples were a g a i n  t a k e n  a t  1-minute  i n t e r v a l s  a t  t h e  same 
l o c a t i o n  a s  b e f o r e  f o r  50 minu tes .  The f i r s t  sample t aken  showed an  SF6 con- 
c e n t r a t i o n  o f  32 ppb and t h e  c o n c e n t r a t i o n s  o f  t h e  succeed ing  samples v a r i e d  
from 20 ppb t o  90 ppb f o r  t h e  e n t i r e  50 minu tes .  It was concluded t h a t  a f t e r  
t h e  a u x i l i a r y  f a n s  were t u r n e d  o f f  t h e  a i r  i n  t h e  exhaus t  a i rway  began t o  back 
up s l o w l y ,  s o  t h a t  t h e  SFEI sampled i n  t h e  second p o r t i o n  of  t h e  t e s t  was t h e  
g a s  t h a t  had p a s s e d  t h e  sampl ing p o i n t  i n  t h e  f i r s t  p a r t  o f  t h e  tes t .  An 
anemometer h e l d  i n  t h e  c e n t e r  o f  t h e  a i rway  a t  t h e  sampling l o c a t i o n  gave no 
r e a d i n g ,  bu t  a  smoke c loud  i n d i c a t e d  a  s low a i r  movement i n  t h e  r e v e r s e  d i r e c -  
t i o n  t o g e t h e r  w i t h  a  g r e a t  d e a l  o f  e r r a t i c  t r a n s v e r s e  a i r  movement. These 
r e s u l t s  show t h a t  t h e  a u x i l i a r y  f a n s  were n e c e s s a r y  t o  remove a i r  from t h e  
working a r e a  o f  t h e  mine. 
Exhaust Hole Studv 
The e n t i r e  supp ly  o f  v e n t i l a t i o n  a i r  f o r  t h e  mine i s  exhaus ted  t o  t h e  
s u r f a c e  through a  s i n g l e  v e r t i c a l  h o l e  about 20 f e e t  i n  d iamete r  and 50 t o  60 
f e e t  deep. The h o l e  s u r f a c e s  on a  h i l l s i d e ,  so  t h a t  t h e  back o f  t h e  h o l e  i s  
6  t o  8  f e e t  h i g h e r  than  t h e  f r o n t .  Of ten  a  mi ld  wind blows a c r o s s  t h e  exhaus t  
h o l e  from t h e  low t o  t h e  h igh  s i d e .  This  wind a c t e d  a s  a  r e s i s t i n g  f o r c e  
aga ins t  t he  exhaust ing a i r f l o w  and i t  was p o s s i b l e  t h a t  i t  could be fo rc ing  
some a i r  down the  exhaust ho le  along t h e  backside of t h e  ho le  ( f i g .  9 ) .  To 
i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  17 l i t e r s  of SF6 were r e l ea sed  around t h e  s u r -  
face  per imeter  of t h e  exhaust ho le  over  a per iod  of 2 minutes.  S t a r t i n g  wi th  
the  t i m e  of r e l e a s e ,  gas samples were taken along t h e  r e t u r n  airway every 
30 seconds f o r  a per iod  of  15 minutes a t  a p o s i t i o n  about 100 f e e t  from t h e  
bottom of t h e  exhaust ho le .  Af te r  6 minutes,  some SFe showed up i n  t h e  gas 
samples and continued t o  appear f o r  t h e  next  7 minutes ,  a f t e r  which i t  
disappeared.  The presence of SFs underground proved t h a t  a downdraft did 
indeed e x i s t  i n  t he  exhaust ho le ,  o f f e r i n g  an  undes i r ab le  r e s i s t a n c e  t o  t he  
exhaust ing mine a i r .  
To prevent  t h i s  downdraft, a temporary b r a t t i c e  c l o t h  was pu t  up around 
the  top f r o n t  p o r t i o n  of  t h e  ho le  a t  a he igh t  about equal  t o  t h e  e l e v a t i o n  of  
t h e  backside of t h e  ho le ,  s o  t h a t  t h e  wind would blow over  top  of  t h e  exhaust 
opening, r a t h e r  than  blow aga ins t  t h e  backside of t h e  hole  and f o r c e  air  back 
FIGURE 9. - Airf low pattern in exhaust hole. 
down t h e  exhaus t .  To check t h e  e f f e c t  of  t h i s  b r a t t i c e  c l o t h  we r e p e a t e d  t h e  
t r a c e r  gas  test on a  day when t h e  wind was about  t h e  same a s  when t h e  f i r s t  
t e s t  was conducted.  W e  r e l e a s e d  1 6 . 7  l i t e r s  o f  SF6 around t h e  s u r f a c e  perim- 
e t e r  o f  t h e  exhaus t  d u r i n g  a  2-minute i n t e r v a l  and r e p e a t e d  t h e  p r e v i o u s  t e s t .  
No t r a c e  o f  SF6 appeared i n  any o f  thbe samples t aken .  The b r a t t i c e  c l o t h  
around t h e  f r o n t  p o r t i o n  o f  t h e  exhaus t  h o l e  had e v i d e n t l y  e l i m i n a t e d  t h e  
downdraf t  . 
N a t u r a l  D r a f t  I n t a k e  Study 
About 600 f e e t  from t h e  exhaus t  h o l e  t h e r e  i s  a  second v e r t i c a l  h o l e  t o  
s u r f a c e  from an i n a c t i v e  a r e a  o f  t h e  mine. This  h o l e  i s  about 70 f e e t  deep 
and v a r i e s  i n  d iamete r  from about 16 t o  20 f e e t .  Th i s  h o l e  was known t o  a c t  
a s  a  n a t u r a l  d r a f t  i n t a k e ,  bu t  t h e  volume o f  a i r  e n t e r i n g  t h e  mine through 
t h i s  i n t a k e  was n o t  known. A s  t h e  c r o s s  s e c t i o n  of  t h e  a i rway a t  t h e  bottom 
of  t h e  h o l e  was t o o  l a r g e  (E 800 f t 2 )  and t h e  a i r  v e l o c i t i e s  too  low t o  u s e  an 
anemometer t r a v e r s e ,  t h e  t r a c e  gas  was used t o  measure t h e  i n t a k e  a i r  volume. 
Around t h e  t o p  p e r i m e t e r  o f  t h e  h o l e ,  1 2 . 2  l i t e r s  o f  SF6 were r e l e a s e d ,  
h o l d i n g  t h e  l e c t u r e  b o t t l e  o f  SF6 o v e r  t h e  i n t a k e  h o l e  and d i r e c t i n g  t h e  jet  
s p r a y  i n t o  t h e  h o l e  t o  i n s u r e  t h a t  a l l  t h e  SF6 e n t e r e d  t h e  mine. S t a r t i n g  a t  
t h e  t i m e  of r e l e a s e ,  gas  samples were  t aken  f o r  35 minu tes  a t  a  l o c a t i o n  about 
70 f e e t  from t h e  bottom o f  t h e  h o l e  a l o n g  t h e  i n t a k e  a i rway.  Twenty-seven o f  
t h e  samples c o n t a i n e d  SF6. The average  c o n c e n t r a t i o n  was 470 ppb. Assuming 
t h a t  a l l  t h e  SF6 r e l e a s e d  (12.2  l i t e r s )  e n t e r e d  t h e  i n t a k e  h o l e ,  t h e  volume of  
i n t a k e  a i r  q , ,  can be c a l c u l a t e d  from t h e  c o n t i n u i t y  e q u a t i o n :  
I n  t h i s  c a s e ,  g ,, i s  t h e  a i r f l o w  r a t e ,  Qs F 6  i s  t h e  volume of SF6 r e l e a s e d ,  
Ca, i s  t h e  a v e r a g e  SF6 c o n c e n t r a t i o n  i n  t h e  27 samples c o n t a i n i n g  SF6, and T 
i s  t h e  27-minute t i m e  i n t e r v a l  t h a t  t h e s e  samples r e p r e s e n t .  T h e r e f o r e :  
f t 3  SF6 
1 2 . 2  l i t e r s  = 470 x 10" (28 .2  l i t e r s / f t 3 )  (27 min) (  , ) , from which 
f t 3  a i r  
we can  c a l c u l a t e  t h a t  & * ,  = 34,000 cfm and t h e  average  v e l o c i t y  i s  about  
42  f t / m i n .  T h i s  t echn ique  i s  s i m i l a r  t o  t h e  method used  by Higgins  and 
S h u t t l e w o r t h  ( 6 ) .  - 
A i r  Exchange Studv i n  End Room on Working Face 
A t  t h e  t i m e  t h e s e  v e n t i l a t i o n  t e s t s  were conducted,  16 room was t h e  end 
room on t h e  working f a c e  ( f i g .  1 0 ) .  There  was an obvious  bui ldup o f  d u s t  and 
d i e s e l  fumes i n  t h i s  a r e a .  I t  was assumed t h a t  t h e  i n t a k e  a i r ,  which was 
i n t e n d e d  t o  sweep t h e  e n t i r e  working f a c e ,  d i d  n o t  r e a c h  16 room i n  s u f f i c i e n t  
amounts t o  c l e a r  t h e  d u s t  and fumes. To check t h i s  assumption,  about  
30 l i t e r s  o f  sF6 were  r e l e a s e d  i n t o  t h e  i n t a k e  a i r  i n  5  room a t  9 : 4 5  a.m. ( s e e  
f i g .  1 0 ) .  A t  t h e  same t i m e ,  gas  sampling was s t a r t e d  s i m u l t a n e o u s l y  a t  t h e  
j u n c t i o n  o f  16 room w i t h  10 b u t t ,  and i n  9  b u t t  about  50 f e e t  downstream from 
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FIGURE 10. - Diagram of air exchange s t u d y  in 16 room. 
intended t o  exhaust the  a i r  from the  working area .  Samples were taken every 
minute f o r  30 minutes. 
After  30 minutes, the  samples taken i n  16 room a t  10 b u t t  showed a t  t h e  
most s l i g h t  t r a c e s  of SF6, the  concentrat ions were around 1 ppb. On the  o the r  
hand, samples taken i n  9 b u t t ,  downstream from t h e  fan, exceeded 100 ppb SFB 
a f t e r  2 minutes of sampling and continued t o  show these  high concentrat ions 
throughout the  30 minutes of sampling. Assuming the  concentrat ions i n  16 room 
t o  be 1 ppb o r  l e s s ,  and s ince  the  average concentrat ion i n  t h e  r e tu rn  a i r  i n  
9 b u t t  was genera l ly  g r e a t e r  than 100 ppb, t h i s  ind ica tes  t h a t  only 1 percent 
o r  less of the  in take  a i r  reaches 16 room. 
Airflow Check i n  a Nonworking Area 
Figure 11 shows a c e n t r a l  por t ion  of t h e  mine with the  general  in take  
a i r f low pa t t e rn .  Most of the  in take  a i r  flows along 8 and 9 nor th  e n t r i e s ,  
but some may c i r c u l a t e  around the  a rea  of  4-7 nor th  e n t r i e s .  This a rea  i s  not  
being mined a t  present ,  but because f u t u r e  mining operat ions a r e  planned, a 
t r a c e r  gas test was run t o  determine i f  t h e r e  was any a i r f low i n  4-7 nor th  
e n t r i e s .  
A t  R 1  i n  7 nor th  ent ry ,  13 .4  l i t e r s  of SFG werere leased a t  4:33 p.m. Gas 
samples were taken i n  the  in take  a i r  a t  every 2 minutes from 4:35 u n t i l  
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FIGURE 11. - Central portion of the limestone mine. 
6:30 p.m. A t  6:50 p.m., a  gas sample was taken i n  8 n o r t h  e n t r y  j u s t  below 
t h e  SF6 r e l e a s e  l o c a t i o n  i n  7 no r th  e n t r y .  None o f  t h e  gas samples showed any 
evidence of SFG, i n d i c a t i n g  t h a t  l i t t l e  o r  no i n t a k e  a i r  c i r c u l a t e d  through 
4-7 n o r t h  e n t r i e s .  
Measurement o f  Airflow i n  Main I n t a k e  Airways 
As  s t a t e d ,  most of  t h e  i n t a k e  a i r  passes  through 8 and 9 no r th  e n t r i e s .  
To determine t h e  v e l o c i t i e s  i n  t hese  e n t r i e s ,  we r e l eased  16 .8  l i t e r s  o f  SF6 
i n t o  a  c ros scu t  between 8 and 9 e n t r i e s ,  a t  p o s i t i o n  R2 ( f i g .  1 1 ) .  The time 
of  r e l e a s e  was 7:04 p.m. Samples were taken every minute from 7:04 t o  
8:00 p.m. a t  t h e  same sampling l o c a t i o n ,  S ,  used i n  t h e  previous t e s t .  The 
d i s t a n c e  between - R2 and - S i s  about 1,600 f e e t .  
The f i r s t  s i g n  o f  SF6 a r r i v e d  a t  t h e  sampling l o c a t i o n  a t  7:17 p.m., 
1 3  minutes a f t e r  t h e  gas  was f i r s t  r e l ea sed .  Dividing t h e  1,600 f e e t  by 
13  minutes g ives  a  maximum v e l o c i t y  of 123 f t /min .  Anemometer readings taken 
i n  t h e  airway cen te r s  i n  8 n o r t h  e n t r y  and 9 no r th  e n t r y  were 115 f t /min  and 
121 f t /min ,  r e spec t ive ly .  
I f  we assume t h e  average  v e l o c i t y  t o  be 0 . 8  o f  t h e  maximum v e l o c i t y ,  t hen  
t h e  average  v e l o c i t y  i n  t h e s e  a i rways i s  0 . 8  x 123 f t /m in  = 98 f t lm in .  
The c o n t i n u i t y  equa t i on  could n o t  be used t o  c a l c u l a t e  t h e  a i r f l o w  volume 
because a l l  o f  t h e  r e l e a s e d  SF6 d id  n o t  pa s s  t h e  sampling l o c a t i o n ,  a s  shown 
i n  t h e  a i r f l o w  p a t t e r n  i n  f i g u r e  11. However, t h e  t o t a l  i n t a k e  a i r  volume 
through 8  and 9  n o r t h  e n t r i e s  can be e s t ima t ed .  Assuming t h e  combined average 
c r o s s - s e c t i o n a l  a r e a  o f  t h e s e  two e n t r i e s  t o  be  1 ,200 f t  and t h e  average  
v e l o c i t y  t o  be t h e  c a l c u l a t e d  98 f t l m i n ,  t h e  i n t a k e  volume i n  t h i s  a r e a  is  
about  118,000 cfm. S ince  t h e  volume of a i r  being exhausted from t h e  working 
a r e a s  p a s t  t h e  a u x i l i a r y  f ans  was found t o  be on ly  about 47,000 cfm, much of 
t h e  i n t a k e  a i r  must be l o s t  through leakage  b e f o r e  i t  ever  reaches  t h e  working 
a rea .  
RECIRCULATION TESTS I N  A VEIN-TYPE METAL MINE 
R e c i r c u l a t i o n  of a i r  from r e t u r n s  i n t o  i n t a k e  a i rways i s  a  major hazard 
i n  many m u l t i l e v e l  mines.  Usual ly  t h i s  r e s u l t s  from leakage  a c r o s s  o l d  s toped  
a r e a s .  To c o n t r o l  r e c i r c u l a t i o n ,  i t s  o r i g i n  must be l o c a t e d  and t h e  amount o f  
r e c i r c u l a t e d  a i r  measured. SF6 t r a c e  gas  can be used f o r  bo th  purposes .  Two 
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t r a c e r  gas  exper iments  were 
conducted i n  a  wes t e rn  meta l  
mine, where r e c i r c u l a t i o n  
was known t o  occur  from t h e  
r e t u r n  i n t o  t h e  i n t a k e  
( f i g .  12) . To measure t h e  
q u a n t i t y  of r e t u r n  a i r  
l e a k i n g  through t h e  s t o p e s  
i n t o  t h e  i n t a k e ,  a known 
amount o f  SFe was r e l e a s e d  
i n t o  t h e  r e t u r n  a i r  and a i r  
i n  t h e  i n t a k e  was sampled 
f o r  a  g iven  t ime. The p e r -  
cen tage  of  SF6 moni tored i n  
t h e  i n t a k e  should be t h e  
same a s  t h e  pe r cen t age  of 
r e t u r n  a i r  r e c i r c u l a t i n g  
through t h e  s toped  a r e a s  
i n t o  t h e  i n t a k e .  I n  t h e  
f i r s t  t e s t ,  32.4 l i t e r s  o f  
SF, were r e l e a s e d  i n t o  t h e  
r e t u r n  a i r  a t  R l ,  from 10:45 
t o  1 1 : O O  a.m. The r e t u r n  
a i r  r a t e  a t  t h i s  p o i n t  was 
86,000 cfm. A t  10:45 a.m., 
gas  sampling every  2 minutes  
was begun i n  t h e  i n t a k e  
a i rway a t  S1 and con t inued  
u n t i l  11 :4Ta .m .  The r a t e  
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FIGURE 12. - Schematic of rec i rcu la t ion tests  i n  vein- h e r e  was 87,000 cfm. 










The f i r s t  SF6 was 
d e t e c t e d  a t  S1 a t  10:59 a.m. 
and t h e  l a s t a t  11:19 a.m. 
( f i g .  1 3 ) .  A t o t a l  o f  
2 .1  l i t e r s  o f  SF6 was 
c a l c u l a t e d  t o  have passed  
D 
Q 4 0  - 
- S1, making t h e  amount o f  
a 
-
r e c i r c u l a t i o n  i n  t h i s  r eg ion  
s l i g h t l y  over  6 pe r cen t .  
2 0  - I n  t h e  second r e c i r c u -  
l a t i o n  exper iment ,  
8 .6  1' ~ ~ t e r s  o f  SF6 were 
r e l e a s e d  i n  t h e  r e t u r n  a i r -  
5 10 15 2 0  2 5 3 0  35 s h a f t ,  a t  g, from 1 :10  t o  
TIME FROM RELEASE OF SFg, min 1:23  p.m. Sampling began a t  
t h e  bottom o f  t h e  i n t a k e  
s h a f t ,  a t  s. Samples were 
FIGURE 13. - Curve of SF6 concentration in intake for taken every minutes until 
f i rst recirculat ion test. 2 : 4 5  p.m. The i n t a k e  r a t e  
was 58,000 cfm. The r e t u r n  
r a t e  was 7,000 cfm a t  - R2, but  i n c r e a s e d  cons ide r ab ly  f u r t h e r  up t h e  r e t u r n  
s h a f t .  Rec i r cu l a t ed  SF6 was d e t e c t e d  f i r s t  a t  1 :40  p.m. and l a s t  a t  2:30 p.m. 
( f i g .  1 4 ) .  The t o t a l  q u a n t i t y  of SFG r e c i r c u l a t e d  was 5 . 3  l i t e r s ,  which g ive s  
a r e c i r c u l a t i o n  of  61  p e r c e n t .  Whether t h i s  means t h a t  6 1  p e r c e n t  o f  t h e  
7,000 cfrn a t  R2 was r e c i r c u l a t e d  o r  t h a t  6 1  pe r cen t  o f  some l a r g e r  volume o f  
r e t u r n  a i r  w a s r e c i r c u l a t e d  depends upon where t h e  l eakage  occu r r ed  between 
20 
0 10 20 30 40 50 60 70 80 90  100 
TI ME FROM RELEASE OF SF6, min 
FIGURE 14. - Curve of SF6 concentration in intake for second recirculation test. 
t h e  r e t u r n  and i n t a k e  airways.  I f  some o r  a l l  of  t h e  leakage occur red  above 
t h e  l e v e l  where t he  25,000 cfm e n t e r s  t he  r e t u r n  s h a f t ,  then i t  i s  6 1  percent  
of t h e  l a r g e r  a i r  volume. Fur ther  t r a c e r  gas t e s t s  would be requi red  t o  
determine t h i s .  
CONCLUSIONS 
The SF6 t r a c e r  gas has been shown t o  be a  u se fu l  and v e r s a t i l e  t o o l  f o r  
s tudying  mine v e n t i l a t i o n  systems, To da t e ,  i t  has been used s u c c e s s f u l l y  t o  
measure low v e l o c i t i e s  ( l e s s  than 100 f t / m i n ) ,  t o  determine a i r f l o w  volumes i n  
airways of  l a r g e  c r o s s - s e c t i o n a l  a r ea s  (up t o  1 ,000 f t 2 ) ,  t o  measure t h e  a i r  
exchange r a t e  i n  a r ea s  of l i t t l e  o r  no a i r f l o w ,  and t o  measure a i r  r e c i r c u l a -  
t i o n  due t o  leakage ac ros s  o l d  s topes .  Continuing experiments i n  o t h e r  types 
of  mines w i th  d i f f e r e n t  v e n t i l a t i o n  problems w i l l  no doubt expand i t s  reg ion  
of a p p l i c a t i o n .  
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APPENDIX.--PRELIMINARY TRACER GAS TEST 19 
SF6 was r e l e a s e d  i n t o  t h e  i n t a k e  a i r  o f  t h e  mine from 9 :01  t o  9:06 a.m. 
The volume o f  SF6 r e l e a s e d  was determined a s  f o l l o w s ,  i n  grams: 
I n i t i a l  l e c t u r e  b o t t l e  weight  = 1328 .2 ,  
weight  a f t e r  r e l e a s e  = 1266 .6 ;  
t h u s  weight  o f  SF6 r e l e a s e d  = 61 .6  
T T  uSLng - 2 PT,7 = "1"" --L n n l  w ~ ~ e r e ,  P = 0.98  a t m ,  T = 300" K, ?. = 0.082 l i t e r -a t rn /mole  - " K; 
6 1 . 6  grams - - 6 1 ' 6 g r a m s  w e o b t a i n  
146.07 grams/moleY 
61.6  grams 0 .082 l i t e r - a t m  
( 0 . 9 8  atm) V = 
146.07 grams/mole mole - " K x (300" K ) .  
T h e r e f o r e ,  V = 1 0 . 6  l i t e r s  o f  SFG r e l e a s e d .  
Sampling began 3 ,100  f e e t  downstream from t h e  r e l e a s e  p o i n t  a t  9 :08 a .m. ,  
and con t inued  every  2  minu tes  u n t i l  10:30 a.m. The r e s u l t s  from t h e  analyzed 
a i r  samples a r e  g iven  i n  t a b l e  A - 1 .  
TABLE A - 1 .  - C a l c u l a t i o n  t a b l e  f o r  t e s t  19 
Concen t ra t ion  
6 . 6  x lo-'  
, 5 . 2  x lo-' 
4 . 3  x lo-' 
3 . 2  x lo-' 
2 . 5  x 10" 
2 . 3  x lo-' 
2 . 0  x lo-' 
1 .6  x lo-' 
1 . 4  x lo-' 
1 . 3  x 10" 
1 . 2  x lo-' 
9 . 5  x l o w 8  
8 . 2  x lo-' 
7 . 1  x 1 0 ' ~  
6 . 2  x l o e 8  
3.6 x 
1 . 5  x 10'' 














1 3  
We o b t a i n e d  t h e  average  c o n c e n t r a t i o n  by d i v i d i n g  t h e  sum of  column 3 by 
t h e  number o f  samples i n  which a  measurable  q u a n t i t y  o f  SF6 was p r e s e n t .  I n  
t h i s  c a s e  SF6 was measurab le  i n  31 samples .  T h e r e f o r e ,  t h e  average  concen t ra -  
t i o n  was 11,692 x 10-9 /31  = 377 x o r  377 ppb. 
Time, a.m. 
9 : 0 8  
9 :  10 
9 :  12 
9: 14 
9 :  16 
9:  18  
9 :  20 
9 :  22 
9:  24 
9:  26 
9:  28 




9:  38 /; 1 9:40 18 9:42 





6 . 1  x lo-' 
1 . 0  x lo- '  
1 . 0  x lo-' 
1 . 2  x lo- '  
1 . 8  x lo-' 
3 . 2  x lo-' 
7 . 8  x lo-' 
9 . 5  x lo-' 
9 . 7  x lo- '  
1 . 0  x 1 0 ' ~  
Sum of  c o n c e n t r a t i o n s  = 11,692 x 10-9.  
9 .6  x 10" 
9 . 3  x lo- '  
8 . 5 ~ 1 0 - '  





















9 :  52 
9:54 
9:56 
9 : 5 8  
1 O : O O  
10: 02 
10: 04 










10: 18-10: 30 
The anemometer traverse in the return showed an average air velocity of 
220 ft/min in a cross-sectional area of 74 ft2. This results in a volume 
ft3 SFs 
airflow of 16,280 cfm. Thus, SF6 = ) (16,280 
ft3 air ft3 min air i 
(62 min) (28.2 liters ) = 10.7 liters 
f t3 
We also obtain 10.7 liters if we use Simpson's rule. Recall that the amount 
released was 10.6 liters. 
A graph of the SFc: concentration in the return air as a function of time 
is given in figure 2. The SFG concentration in the return built up and slowly 
dropped off in a smooth manner. 
